ABSTRACT OBJECTIVE: To address the rapid influence of testosterone (T) on neuromuscular performance, we compared the T and physical performance responses of adults exposed to a physical and psychological stimulus. DESIGN: A group of healthy men (n=12) and women (n=14) each completed three treatments using a randomised, crossover design: exercise involving five × ten-second cycle sprints, viewing a video clip with aggressive content and a control session. Salivary T concentrations, hand-grip strength (HGS) and countermovement jump peak power (CMJ PP) were assessed before and 15 minutes after each session. RESULTS: The relative changes in T (17±29%) and CMJ PP (-0.1±4.4%) following sprint exercise were superior to the aggressive video (-6.3±19%, -2.2±5.9%) and control (-4.8±23%, -2.8±4.4%) treatments, respectively (p 0.05). Pre-treatment T levels correlated (r= -0.58 to -0.61, p <0.05) with the T responses of men (sprint exercise) and women (sprint exercise, aggressive video), but no variables were significantly correlated with the relative changes in HGS or CMJ PP. CONCLUSIONS: Sprint exercise promoted a general rise in T and maintained CMJ PP, relative to the video and control treatments. In both sexes, those individuals with higher pre-test T levels tended to produce smaller T responses to one or more treatments. These data highlight the importance of stimulus selection and individual predispositions when attempting to acutely modify T and associated physical performance.
INTRODUCTION
Considerable research has examined the steroid testosterone (T) and its role in mediating athletic performance and training adaptation (see reviews). 1, 2 The traditional viewpoint is that T helps to control muscle size and subsequent force development, 1, 2 but it now appears that transient physiological elevations in T concentrations are less important to protein metabolism and muscle growth than previously thought. 3 Still, T might contribute to, or support, many other neuromuscular (e.g. motor system drive, calcium signalling, muscle properties) and psychological (e.g. mood, cognition) functions 1 to regulate athletic performance on a rapid timescale. Consequently, there is much interest in developing practical strategies to acutely modify T availability and thereafter physical performance. 4 Physical exercise provides an effective tool for enhancing T release and indices of muscle performance. [5] [6] [7] [8] For example, a morning exercise bout (i.e. sprints, weight training) improved afternoon T secretion and the physical abilities of male athletes. 6 Similarly, better training outcomes were achieved by combining arm and leg exercises to elevate physiological hormones (including T) during repeated workouts, 7, 8 and by prescribing resistance-exercise workouts that maximised the T responses of individual athletes. 9 Testosterone is also responsive to high-intensity sprint cycling (e.g. 2×10 seconds, 1×40 seconds), with increases of 9-28% demonstrated in both trained and untrained male populations. 5, [10] [11] [12] Moreover, the T changes occurring are often accompanied by rapid improvements in physical strength 5 and power. 11 Thus, this type of exercise could provide a brief, practical and effective stimulus for improving these outcomes.
Psychological stimuli in the form of video footage provides another practical tool for stimulating T release in men 10, [13] [14] [15] with added links to physical performance. 16 In the latter work, the watching of short video clips (i.e. aggressive, humorous, motivational, erotic) elevated T levels and improved subsequent voluntary strength in professional athletes. 16 In addition, the individual changes in T and strength were strongly related (r = 0.85) across all video clips. 16 The aggressive video provided the most effective stimulus for achievement of these outcomes. In healthy men (non-athletes), exposure to the same type of video also produced a marginal T increase of 8-12%, 10, 17 as did an aggressive video game. 18 To our knowledge, no studies have examined whether an aggressive video can improve T availability and physical performance in healthy adults, nor how this treatment compares to a physical stimulus.
Similarly to men, acute elevations in T concentrations have been demonstrated in women undertaking different forms of exercise (e.g. resistance, intermittent and prolonged cycling) [19] [20] [21] and when viewing selected video images (e.g. violence, attractive men). 15, 22 In fact, women can exhibit similar relative changes in T concentrations to men when exposed to a physical and/or psychological challenge. 15, 23 This means that both sexes can access similar relative amounts of T with an appropriate stimulus, despite women having less than half the amount of T in circulation. 23 It has yet to be established whether such changes in the hormonal milieu might produce a comparable performance effect in women, as seen in male populations. This could be addressed by comparing the acute T responses of healthy men and women to a physical and psychological stimulus.
This study examined the effects of a physical (sprint exercise) and psychological (aggressive video) stimulus on salivary T concentrations and physical performance (strength, power) in healthy men and women. The first hypothesis was that each stimulus would lead to elevated T responses and improvements in strength and power in both groups. We also hypothesised that sprint exercise would promote greater T increases and thus larger performance gains.
METHODS

Subjects
Twelve men (mean ± SD age 24.5±5.3 years, height 181.1±4.8 cm, body mass 83.5±7.7 kg) and 14 women (mean ± SD age 23.5±3.9 years, height 164.4±5.8 cm, body mass 59.3±6.1 kg) were recruited from a University campus. Both groups were of similar age (p=0.776), but the men were taller and heavier than the women (p <0.001). The participants were classified as recreationally active, based on self-reported activity in the last 12 months (i.e. regular exercise or leisure activities at least 3 times weekly, at least 60 minutes in duration), with no health or medical issues that could influence the study outcomes. Four women did report oral contraceptive use, but we found no differences in baseline T levels, T reactivity or physical performance between this sub-group and the naturally-cycling women, so all data were combined for analysis. We anticipated that the menstrual cycle would not influence baseline T or performance. 21, 24 Informed consent was signed before the study commenced and ethical approval was provided by the Swansea University Human Ethics Committee, Swansea, UK.
Study design
The participants each completed three treatments using a randomised, crossover design: exercise involving cycle sprints, viewing an aggressive video and a control session. Salivary T concentrations, hand-grip strength (HGS) and countermovement jump peak power (CMJ PP) were measured before and after each treatment. Before testing, the participants sat quietly for ten minutes in a stress-free environment. 10 Each session lasted ~48 minutes and was separated by at least three days recovery, but no more than ten days. All treatments were conducted between 1100 and 1600 hours to address diurnal variation in T production and T reactivity to physical or psychological stress. 25, 26 Within this timeframe, each participant completed his or her own sessions within a shorter (±1 hour) period. The participants were told to refrain from all exercise in the preceding 24 hours to eliminate the effects of muscle fatigue. A familiarisation session was also completed to ensure that the participants were capable of completing the sprints and to account for a pronounced stress response due to intense, unaccustomed exercise. 10 
Sprint exercise treatment
Sprint exercise was performed on a friction-braked cycle ergometer (Monark 824E, Sweden) using a resistance load that equated to 7.5% of individual body mass. 27 The men, due to their larger body mass, were prescribed a heavier mean load (5.8 ± 0.5 kg) than women (4.1 ± 0.4 kg). After a standard warm-up, comprising of two minutes cycling with a light (1 kg) load, the participants cycled with maximum effort for a period of ten seconds at the pre-selected load. This effort was followed by 50 seconds of slow pedalling without load. The entire sequence was repeated four times, so that five trials were completed over a fiveminute period. The lead investigator provided a three second count down before each sprint trial started and ended. The participants pedalled slowly for a further minute after the last sprint, before sitting quietly in the laboratory. The chosen format was based on prior work to ensure a T rise. 5, 12, 18 Toe clips were used to prevent slippage from the pedals and strong verbal encouragement was given to ensure maximal effort was applied during each trial.
Video treatment
The participants sat by themselves in a separate room to watch the video presentation on a single laptop computer (Dell Inspiron, 15.6 inch screen). The video contained aggressive content of big tackles and collisions in the sport of rugby union, which has been shown to promote small to marginal T increases in men. 10, 16, 17 The video was taken from an online resource (https://www.youtube.com/watch?v=UAaxeTowTd0) and played for five minutes to equalise the duration of stimulus exposure with sprint exercise. The video was accompanied by a somewhat "aggressive" music track to increase the likelihood of a behavioural and thus, hormonal response. 28 To eradicate other environmental or social stimuli, the lights were turned off and the investigators left the room. At the end of the video, the participants were moved back into the laboratory, where they sat quietly before subsequent testing.
Control treatment
The control session was completed at the same venue, as per the other treatments, with time-matched saliva sampling and performance testing. Across all sessions, the participants remained seated to prevent any residual effects of physical movement, apart from the exercise sprints and moving to and from the video room. 10 Any communication between the investigators and participants was limited to simple verbal instructions to minimise the influence of social interactions on T release. 29 These instructions were partly scripted to ensure consistent feedback was given. The participants were also instructed to keep their food and fluid intake consistent on each testing day, 16 but to avoid all forms of caffeine intake (e.g. coffee, tea, chocolate) and other ergogenic aids (e.g. energy drinks, sport supplements). Moreover, they were told to refrain from eating food and drinking fluids (except water) two hours before testing to reduce fluctuations in salivary hormones. 30 The participants were further encouraged to get at least eight hours of sleep each night preceding their assessments.
Saliva collection and testing
Steroid measurements in saliva offer the benefits of being stress free and relatively rapid to collect, with salivary steroids representing the biological active blood-free hormone. 31 Saliva samples were collected by passive drool (i.e. 1 ml over 1-2 minutes) without stimulation before each stimulus and 15 minutes afterwards to coincide with expected T changes in this fluid. 13, 16, 18 The samples were stored according to published guidelines. 32 The time between sample collections was ~30 minutes, once allowing for the physical tests, treatments and subsequent recovery periods. The samples were analysed in duplicate for T concentrations using a commercial immunoassay kit (Salimetrics LLC, USA). The T plates had a detection limit of 6.1 pg/ml with inter-assay CV's of less than 12%. Samples for each participant were tested in the same assay to eliminate inter-assay variance.
Physical performance testing
Physical performance was tested immediately after each saliva collection (~17-22 minutes after the final sprint trial and aggressive video), taking around five minutes to complete both the HGS and CMJ PP assessments. Using a hand-held dynamometer (Takei, Japan), the HGS assessment was performed first whilst the participants were seated in an upright position. Holding the dynamometer in the dominant hand, the elbow was flexed to a 90-degree angle and each subject was instructed to apply maximal force for a period of three seconds before releasing their grip. 33 Three trials were performed with 45 seconds rest between each trial. Grip strength was measured to the nearest 0.5-kg by the lead investigator and the best trial was analysed.
The CMJ PP assessment was performed on a portable Kistler force plate (Type 92866AA, Kistler Instruments Ltd). The participants were instructed to squat down to a self-selected depth, before jumping as high as possible to reach maximal vertical height. To remove the effects of arm swing, the hands were kept on the waist during the CMJ. Three maximal trials were performed, with participants resting for 45 seconds between each trial, and the best effort was analysed. Force-time data were collected at a sampling frequency of 1000 Hz and CMJ PP was calculated, as described. 34 Calibration of the force platform was performed before each session and the testing location was chosen to reduce potential sources of interference. Pilot testing of healthy adults (n = 10) revealed good reliability (CV <2%) for the performance measures outlined.
Statistical analyses
All data were assessed using non-parametric statistics. The treatment responses were examined using a two-step process; first, within-session changes were calculated (post -pre presented as a percent value) and compared to zero using a Wilcoxon signed-rank test; 10 second, the within-session changes were compared using a generalised estimation equation model with an autoregressive correlational structure. 35 Main effects (treatment, gender) and interactions (treatment × gender) were determined by significance testing of the Wald chi-square statistic. To account for gender differences in T concentrations, HGS and CMJ PP (men > women), the pre-treatment values were included as covariates. Post hoc testing was conducted using the Bonferroni sequential procedure. Relationships between the measured variables (i.e. pre-test values, relative changes) were assessed using Spearman correlations. Significance was set at p are presented as mean ± SD.
RESULTS
We found no significant within-treatment T changes in men (Table 1) , whereas women had a positive and negative T response to the sprint exercise (p = 0.044) and video sessions (p = 0.035), respectively. A treatment effect on T was demonstrated (p <0.001), with sprint exercise producing a larger T response (17% ± 29%, p = 0.004) than the video (-6.3% ± 19%, p = 0.101) and control (-4.8% ± 23%, p = 0.209) sessions (p <0.001). No significant within-treatment changes in HGS were identified, but the men tended (p = 0.057) to exhibit a greater relative HGS response (1.8% ± 4.3%, p = 0.012) compared to women (-0.1% ± 3.7%, p = 0.901). A relative decrease in CMJ PP was seen in men across the video session (p = 0.027) and in women in the control setting (p = 0.002). A treatment effect on CMJ PP also emerged (p = 0.014), such that the exercise changes (-0.1% ± 4.4%, p = 0.985) were different from the video (-2.2% ± 5.9%, p = 0.016) and tended to differ from the control (-2.8% ± 4.4%, p = 0.002) session (p = 0.054). The CMJ PP changes in men (-0.2% ± 3.4%, p = 0.653) were also greater (p = 0.002) than women overall (-3.2% ± 6.1%, p = 0.002). No other significant main effects or interaction effects were found.
The relationships between the measured variables are outlined in Table 2 . In men, pre-session T levels were negatively correlated with the relative T changes after sprint exercise (p = 0.036) and positively related to CMJ PP before the video treatment (p = 0.018), both of moderate strength. Negative relationships (of moderate strength) were also identified between pre-session T levels in women and the relative T changes in the sprint exercise (p = 0.020), video (p = 0.030) and control (p = 0.054) sessions, although the latter outcome only approached significance. In women, the baseline measures of HGS and CMJ PP were moderately and positively related under all treatment conditions (p
DISCUSSION
This study compared the effectiveness of a physi- Table 1 . Salivary testosterone and performance variables in men and women across the sprint exercise, aggressive video and control treatments. Data are presented as means ± SD.
Sample
Sprint exercise
Aggressive video Control
T (pg/ml) HGS (kg) CMJ PP (W) T (pg/ml) HGS (kg) CMJ PP (W) T (pg/ml) HGS (kg) CMJ PP (W)
Men Pre 153 ± 55 54.8 ± 7.9 4238 ± 614 142 ± 30 54.6 ± 7. cal and psychological stimulus as practical tools for acutely modifying T release and physical performance in a healthy cohort of men and women. Overall, the T (increase) and CMJ PP (no change) responses to sprint exercise were superior to the respective changes induced by the aggressive video (no change, decrease) and control (no change, decrease) treatments. We also found that pre-test T levels were negatively related to the relative T changes that occurred in one or more treatments, but no variables were associated with the relative changes in HGS and CMJ PP.
Confirming our initial hypothesis, a brief bout of sprint cycling exercise promoted a T elevation (17.5%) in healthy adults and this T response differed from that observed across the aggressive video (-6.3%) and control (-4.8%) treatments. The exercise-induced changes in T are likely to be regulated by several factors such as cycling cadence, 36 heart rate, 37 and perceived exertion. 37 Whilst sprint cycling exercise can reliably increase T concentrations in untrained, active 10, 18, 38 or highly-trained men, 10,11,36 women do not always exhibit a T response. 21, 27 This disparity could be explained by differences in the cycling protocols employed (e.g. exercise duration, load and recovery periods) and the sampling procedures (e.g. biological media, timing and frequency). Nevertheless, the positive T responses of women in this work are consistent with that achieved by other exercise [19] [20] [21] and similar to male populations when expressed relative to baseline concentrations. 15, 23 So despite the women tested having less than half the amount of salivary T available as males, it appears that women can still access similar relative amounts of T with an appropriate physical stimulus.
The maintenance in CMJ PP (-0.1%) following sprint exercise, in relation to the decline in the video (-2.2%) and control (-2.8%) treatments, could be partly due to the increase in T availability. Studies have demonstrated the benefits of using exercise (including high-intensity sprint cycling) to elevate T and improve physical performance in men. 5, 6, 11 There is evidence linking T to various performance outcomes via a rapid behavioural mechanism (e.g. motivation, mood, competitive drive), 1, 16, 39, 40 which could afford some functional benefits within a short time span, as seen in this work. Alternatively, the T response might reflect improvements in mood or motivational state arising from perceptions of better performance, or increased alertness. Given the study design, we do acknowledge that the physical stimulus effect could involve other peripheral mechanisms (e.g. calcium sensitivity, preferential motor unit recruitment) 4 that were not assessed. It is also possible that the CMJ PP results were driven by a warm-up response, as the other treatments were passive in nature, and the performance effect was specific to those muscle groups exercised when cycling.
The aggressive video was less effective as a practical stimulus for increasing T and/or improving performance. For men, the lack of a T response might reflect their recreational status and the situational content of the video, being rugby based and showing elite athletes. 10 Conversely, the T decline in women could be due to their perception of this footage as being either stressful 13 or sad. 16 As further evidence of the importance of the visual content and group affiliation to it, viewing video images showing reallife aggression and violence can lead to elevations in male and female T levels. 15 The T responses of the women tested herein were however similar to the control session, so the observed change might also reflect normal biological variation. Other potential factors influencing the T responses to psychological stress include affective state (e.g. mood) and stress hormones (e.g. pre-test cortisol, cortisol change). 15, 22, 26 The video treatment also lowered CMJ PP by 1.3% in men only, but the magnitude of change was smaller than the measurement error for this assessment.
On an individual level, those adults with higher pre-test T levels tended to produce smaller T responses under physical and/or psychological stress, as demonstrated elsewhere. 26, 41 We also found greater consistency in these relationships in women under all treatment conditions. This finding may be the result of having lower circulating T levels and different T sources in females (i.e. ovaries, conversion of adrenal androgens) relative to males (i.e. gonadal). 1, 27 Despite the perceived importance of T, the baseline and reactive T measures taken did not correlate with the relative changes in HGS or CMJ PP. This is perhaps not surprising, as these associations tend to be stronger and more consistent among elite strength-trained cohorts, 1, 39 who arguably possess a more developed neuromuscular system and better linkage with other physiological (e.g. hormonal) systems. 1 This viewpoint is partly supported by the fact that performance either decreased or did not change in this study, whilst similar sprint exercise and video treatments resulted in improvements in strength 5, 16 and power 11 in highly-trained populations, with additional correlations between the hormonal and performance outcomes. 5, 16 In conclusion, a short bout of sprint exercise promoted a positive T response in healthy adults and maintained CMJ PP, relative to the video and control treatments. Those men and women with higher pre-test T levels also tended to produce smaller T responses to one or more treatments, but no variables correlated with the changes in physical performance. These data highlight the importance of stimulus selection and individual predispositions when attempting to acutely modify T and physical performance in healthy adults.
